lecular aggregates in ILs, similar to micellization or liquid crystal formation in aqueous media 12 17 . For example, Patrascu et al. suggested the formation of micelles of nonionic surfactants in imidazolium-type ILs based on their surface tension data 12 . We have also studied the dependence of critical micelle concentration cmc of nonionic surfactants in an IL on the alkyl and polyoxyethylene POE chain lengths, and found that the micelle formation is driven by solvophobic interaction of the surfactants 13 .
Ternary mixtures of surfactant, IL, and water have also been studied to determine the phase behavior of liquid crystals 16 20 and microemulsions 16, 21 23 . However, there are only a few reports focusing on micelle formation of surfactants in ILs in the presence of water 24, 25 . Wakeham et al. have reported that micelle formation of nonionic surfactants in protic ILs depends strongly on solvent composiAbstract: The interfacial properties of polyoxyethylene alkyl ether-type nonionic surfactants (C n E m ) were studied in a hydrophilic room-temperature ionic liquid, 1-butyl-3-methylimidazolium tetrafluoroborate (bmimBF 4 ), in the presence of water. These properties were assessed using static surface tension, pyrene fluorescence, and dynamic light scattering measurements. The interfacial properties were strongly dependent on the solution composition. Increased water concentration lowered the critical micelle concentration (cmc). The cmc was also affected by the lengths of both the alkyl and polyoxyethylene chains, but a greater impact was observed for the alkyl chain length. These results indicate that micellization occurs as a result of solvophobic interaction between surfactant molecules in the water/bmimBF 4 25 . Previously, we studied the effects of water on interfacial properties of nonionic surfactants in a hydrophobic IL, 1-butyl-3-methylimidazolium hexafluorophosphate bmimPF 6 26 . We reported that two kinds of critical aggregation concentration cac appear in the presence of water. The first cac indicated the formation of a water-in-IL emulsion through the adsorption of the nonionic surfactants to the water/IL interface. The other cac indicated the formation of micelles, where water is solubilized within the micelles. As a representative hydrophilic IL, the interfacial properties of surfactants in 1-butyl-3-methylimidazolium tetrafluoroborate bmimBF 4 have been previously reported 12, 15, 16 .
To the best of our knowledge, however, the effects of water on the interfacial properties of surfactants in bmimBF 4 have not been reported. In this paper, we report the solution properties of POE alkyl ether-type nonionic surfactants in bmimBF 4 in the presence of water, as a function of the water concentration in bmimBF 4 and the chain lengths of the surfactants.
2 Experimental Section 2.1 Materials 1-Butyl-3-methylimidazolium tetrafluoroborate bmimBF 4 was purchased from Aldrich purity 97 and dried under reduced pressure at 80 for 4 h before use. The POE alkyl ether-type nonionic surfactants were obtained from Nikko Chemicals and were used as received. In this study, these surfactants are simply denoted as C n E m , where n is the number of carbon atoms in the alkyl chain and m is the number of oxyethylene units. Five surfactants C 10 E 6 , C 12 E 6 , C 14 E 6 , C 12 E 4 , and C 12 E 8 were used in order to explore the effect of alkyl and oxyethylene chain lengths on the solution properties. The water used in this study was deionized with a Barnstead NANO Pure Diamond UV system and filtered with a Millipore membrane filter 0.22 μm pore size .
Methods

Determination of cloud point
The cloud point was defined as the temperature above which the surfactant solution became cloudy. To determine the cloud points, the solutions were heated with a temperature-controlled water bath until turbidity was observed up to a maximum temperature of 95 . When the cloud point was estimated to be at or below room temperature, the samples were stored in a freezer until visibly homogenous. The surfactant concentration was always constant at 3 wt in solutions. The error range of the cloud point data was estimated to be less than 0.5 .
Surface tension
The static surface tension measurements were conducted using a Kyowa Drop Master 700 on the basis of the pendant drop method at room temperature approximately 25 . The error range of the cmc estimated by these measurements was approximately 2 .
Dynamic light scattering DLS
The hydrodynamic diameters of the surfactant self-assemblies formed in the solutions were estimated using an IBC NICOMP 380ZLS particle size analyzer equipped with a 5-mW He-Ne laser at a constant detector angle of 90˚. The viscosity and refractive index of the solutions 27 utilized for the Stokes-Einstein equation are shown in the Supporting Information, Table S1 . The surfactant concentration was set at four-fold the cmc for each experiment.
Fluorescence probe method using pyrene
The fluorescence probe method using pyrene was performed with a Shimadzu RF-5300PC fluorescence spectrophotometer. The micro-environmental polarity around pyrene molecules, I 1 /I 3 , was estimated using the 1st and 3rd peak intensities from the observed spectrum. The concentration of pyrene was set at 4 μmol dm 3 .
3 Results and Discussion 3.1 Cloud point phenomena observed for C n E m in water/ bmimBF 4 solutions The temperature above which a homogenous, surfactant solution becomes cloudy is generally called the cloud point. This phenomenon has been observed in surfactant solutions in pure ILs 28 30 and the presence of other components can alter a solution s cloud point temperature. For the C n E m surfactants used in this study, the cloud point phenomenon was observed in the C 12 E 4 and C 14 E 6 systems in the presence of water, while this phenomenon was not observed in the C 10 E 6 , C 12 E 6 , and C 12 E 8 systems up to 95 . Figure 1 shows the visual appearance of 3 wt C 12 E 4 solutions at room temperature. The solution was visually clear at the water concentration of 15 wt , whereas cloudy solutions were obtained at the water concentrations of 0 pure bmimBF 4 , 1, and 7 wt . Figure 2 shows the cloud points observed for C 12 E 4 and C 14 E 6 as a function of water concentration in bmimBF 4 . As illustrated in Fig. 2 , the graphed relationship between the cloud point and solvent composition exhibited a convex upward curve.
In the water-rich region Fig. 2 , right side , the cloud points increased with increasing bmimBF 4 concentration. This behavior indicates that bmimBF 4 serves as a chaotropic agent for the aqueous surfactant solutions, effectively increasing the solubility of C n E m . The observed chaotropicity of bmimBF 4 was not unanticipated. Bhatt et al. have reported that the cloud point increased with increasing the concentration of an IL, tetraethylammonium tetra-fluoroborate TEA BF 4 31 , suggesting that TEA BF 4 increases surfactant solubility. The increase in solute solubility by the addition of ILs has also been observed for polymer solutions. Debeljuh et al. have investigated the influence of a series of protic ILs with different anions on the lower critical solution temperature LCST of an aqueous solution of poly N-isopropylacrylamide 32 . In this report, the tetrafluoroborate IL exhibited higher chaotropicity than ILs with other anions. In addition, the kosmotropic and chaotropic order of IL-anions has been investigated in aqueous polymer solutions, where ILs with BF 4 anions displayed high chaotropicity 33, 34 .
On the other hand, the cloud points were observed to increase with the addition of water in the IL-rich region Fig.  2 4 , wherein the solubility of C n E m is significantly increased by combining these two components. The cloud points obtained for the C 12 E 4 system were lower than those for the C 14 E 6 system. These results were attributed to the difference in the hydrophilic-lipophilic balance HLB of the two surfactants. The HLB values calculated for the surfactants by the Griffin s method 37 are 11.8 C 14 E 6 and 10.7 C 12 E 4 , respectively. Therefore, C 14 E 6 with the higher HLB value is more solvophilic than C 12 E 4 , leading to the higher cloud point. The relationship between HLB and cloud point is well known in aqueous solutions of nonionic surfactants 38 and our results are consistent with previous reports.
3.2 Effects of water on surface adsorption of C 12 E 6 in bmimBF 4 At room temperature, clear transparent solutions were obtained for C 12 E 6 in a wide range of water concentrations. The plots of the surface tension data obtained for the various water/bmimBF 4 compositions are shown in Fig. 3 as a function of C 12 E 6 concentration. The data obtained for other water/bmimBF 4 compositions are also shown in the Supporting Information, Fig. S1 . For all the systems, the surface tension decreased with increasing C 12 E 6 concentration before reaching a plateau. This behavior is consistent with the behavior generally observed for aqueous surfactant systems. The break point corresponds to the cmc of each water/bmimBF 4 composition, and the physicochemical Fig. 1 Visual appearance of 3 wt C 12 E 4 solutions at r o o m t e m p e r a t u r e c a . 2 5 . T h e w a t e r concentrations were set at 0, 1, 7, and 15 wt from left to right. Fig. 2 Cloud points of C 12 E 4 and C 14 E 6 as a function of water concentration. The C n E m concentrations were set at 3 wt . The error range of the cloud point data was estimated to be less than 0.5 . properties of the surfactant at the air-solution interface were analyzed using the Gibbs equation 39 . The surface excess concentration estimated at the cmc, Γ cmc , and the occupied area per surfactant molecule adsorbed at the airsolution interface, A cmc , were calculated by
where γ is the surface tension measured at the surfactant concentration of C, R is the gas constant, T is the absolute temperature, and N A is Avogadro s constant. In addition, the standard free energies of micellization, ∆G 0 mic , and adsorption, ∆G 0 ads , were calculated using the following equations 40 .
where γ sol is the surface tension of solvent. The values obtained from this analysis were summarized in Table 1 , which shows that the increased water concentration results in a decreased cmc, an increased Γ cmc , a decreased A cmc , and negatively increased ∆G 0 mic and ∆G 0 ads values. These results suggest that the increased water concentration induces adsorption at the air-solution interface more efficiently and also increases the ability to form micelles.
The cmc values of C 12 E 6 in water and in pure bmimBF 4 Therefore, the disintegration of the domain structure in bmimBF 4 as a result of the water addition may also contribute to the increased solvophobic interaction between surfactant molecules, driving increased self-assembly of the surfactant.
Pyrene uorescence and DLS measurements
The pyrene fluorescence method measures micro-environmental polarity around pyrene molecules, i.e., the higher I 1 /I 3 value indicates a greater hydrophilic or polar environment whereas the lower I 1 /I 3 value indicates a greater hydrophobic or nonpolar environment around pyrene 44, 45 . Figure 4 shows the I 1 /I 3 values as a function of C 12 E 6 concentration. As shown in the figure, the I 1 /I 3 value remains constant at low surfactant concentrations, and then begins to decrease after reaching a certain concentration. This indicates that C 12 E 6 forms molecular aggregates and pyrene is solubilized within the aggregates above the certain concentration. Again this behavior is consistent with the behavior observed in aqueous surfactant systems 46 . The break point observed here is assumed to be the cmc. The obtained cmc values are 6.6 10 2 , 42.8, and 50.5 mmol dm 3 at the water concentrations of 100, 15, and 7 wt , respectively. The cmc values estimated from the pyrene fluorescence measurements are slightly lower than those from the surface tension measurements. This difference is likely attributable to the enhanced surfactant self-assembly in the presence of pyrene. Interestingly, the break point corresponding to the cmc is not observed when 4 . DLS measurements were performed to monitor micelle size. The resulting volumetric distribution is shown in Fig.  S2 . The aggregate size was estimated as 3-5 nm, independent of the water/bmimBF 4 composition. This indicates that the cmc values decrease with increasing water concentration, but the aggregate size is not affected by the water/bmimBF 4 composition.
Alkyl and POE chain length dependence of the cmc
In this section, we discuss the effects of alkyl and POE chain lengths of C n E m on the surface adsorption and micellization behavior, based on the static surface tension data. Fig. 5 shows the surface tension plots against the C n E m concentrations, at a water concentration of 15 wt . The obtained cmc values were converted to their respective logarithmic values, and were plotted as a function of the alkyl chain and POE unit lengths Fig. 6 . The surface tensions of C n E m were also measured at water concentrations of 1 and 7 wt see Figs. S3 and S4 . As shown in Fig. 6 , the cmc decreased with increasing water concentration, indicating that the cmc is strongly affected by the solvophobic interaction. For all of the water/bmimBF 4 compositions, the log cmc value decreased linearly with alkyl chain length and increased with the POE unit number of C n E m . When the log cmc values decrease linearly with increasing n in aqueous media, the slope value depends on the nature of the ionic or nonionic surfactant log cmc A B n 39 . In the current study, the calculated slope value
B was approximately 0.2 for all of the water/bmimBF 4 systems, but the slope values gradually increased from 0.19 to 0.22 with increasing water concentration. This suggests that the addition of water enhances the solvophobic interaction. This trend is consistent with the effect of water concentration on the cmc of C 12 E 6 . We have previously studied the effect of water on the chain length dependence of cmc using a different IL, bmimPF 6 26 . In this case, the slope values were 0.18 in pure bmimPF 6 and 0.15 in a mixture of water 2 wt and bmimPF 6 . Interestingly, the trend for the bmimPF 6 system was the opposite of that observed for the present bmimBF 4 system. Finally, as shown in Fig. 6b , an increased number of POE units resulted in a slightly increased cmc. This suggests that the POE unit length of C n E m also affects the cmc, but the effect is less pronounced than the effect observed for the alkyl chain lengths.
Conclusion
In summary, we have elucidated the effect of nonionic surfactants on the interfacial properties of a series of mixed water and bmimBF 4 solutions. The adsorption behavior of nonionic surfactants was studied primarily through surface tension measurements. The cloud point phenomenon was observed for the nonionic surfactants with relatively low HLB values. The relationship between the cloud point and water/bmimBF 4 composition showed a convex upward curve, consistent with chaotropicity of bmimBF 4 in the water-rich surfactant solution. The cmc decreased with increasing water concentrations for all of the surfactant systems examined, demonstrating the dependence of the cmc on the solution composition. As micellization occurs as a result of solvophobic interaction between surfactant molecules, an increased water concentration with concomitant increased solvophobic interaction led to the observed decreases in the cmc. Furthermore, the fluorescence I 1 /I 3 measurements suggested that the addition of water induces a volume decrease in the nonpolar domain within bmimBF 4 which may also contribute to the observed cmc decreases.
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